We identify a weak line at E ∼ 3.5 keV in X-ray spectra of the Andromeda galaxy and the Perseus galaxy cluster -two dark matter-dominated objects, for which there exist deep exposures with the XMM-Newton X-ray observatory. Such a line was not previously known to be present in the spectra of galaxies or galaxy clusters. Although the line is weak, it has a clear tendency to become stronger towards the centers of the objects; it is stronger for the Perseus cluster than for the Andromeda galaxy and is absent in the spectrum of a very deep "blank sky" dataset. Although for individual objects it is hard to exclude the possibility that the feature is due to an instrumental effect or an atomic line of anomalous brightness, it is consistent with the behavior of a line originating from the decay of dark matter particles. Future detections or non-detections of this line in multiple astrophysical targets may help to reveal its nature.
The nature of dark matter (DM) is a question of crucial importance for both cosmology and for fundamental physics. As neutrinos -the only known particles that could be dark matter candidates -are known to be too light to be consistent with various observations (see e.g. [1] for a review), it is widely anticipated that a new particle should exist to extend the hot Big Bang cosmology paradigm to dark matter. Although many candidates have been put forward by particle physicists (see e.g. [2] ), little is known experimentally about the properties of DM particles: their masses, lifetimes, and interaction types remain largely unconstrained. A priori, a given DM candidate can possess a decay channel if its lifetime exceeds the age of the Universe. Therefore, the search for a DM decay signal provides an important test to constrain the properties of DM in a model-independent way. For fermionic particles, one should search above the Tremaine-Gunn limit [3] ( 300 eV). If the mass is below 2m e c 2 , such a fermion can decay to neutrinos and photons, and we can expect two-body radiative decay with photon energy E γ = 1 2 m DM . Such particles can be searched for in X-rays (see [4] for review of previous searches). For each particular DM model, the particle's mass, lifetime and other parameters are related by the requirement to provide the correct DM abundance. For example, for one very interesting DM candidate -the right-handed neutrino -this requirement restricts the mass range to 0.5 − 100 keV [4, 5] . A large part of the available parameter space for sterile neutrinos is fully consistent with all astrophysical and cosmological bounds [6] , and it is important to probe it still further.
The DM decay line is much narrower than the spectral resolution of the present day X-ray telescopes and, as previous searches have shown, should be rather weak. The X-ray spectra of astrophysical objects are crowded with weak atomic and instrumental lines, not all of which may be known. Therefore, even if the exposure of available observations continues to increase, it is hard to exclude an astrophysical or instrumental origin of any weak line found in the spectrum of individual object. However, if the same feature is present in the spectra of a number of different objects, and its surface brightness and relative normalization between objects is consistent with the expected behavior of the DM signal, this can provide much more convincing evidence about its nature.
The present paper takes a step in this direction. We present the results of the combined analysis of many XMM-Newton observations of two objects at different redshifts -the Perseus cluster and the Andromeda galaxy (M31) -together with a long exposure "blank sky" dataset. We study the 2.8-8 keV energy band and show that the only significant un-modeled excess that is present in the spectra of both M31 and Perseus is located at ∼ 3.5 keV energy and the line in Perseus is correctly redshifted as compared to Andromeda (at 95% CL). The relative fluxes for the two objects are in agreement with what is known about their DM distributions. We also study surface brightness profiles of this line and find them consistent with expectations for a DM decay line. We do not detect such a line in the very deep "blank sky" dataset, which disfavors some of the scenarios for its instrumental origin (e.g. features in the effective area). The upper bound from this dataset is consistent with expectations for a DM signal that would come in this case primarily from the Milky Way halo. However, as the line is weak (∼ 4σ in the combined dataset) and the uncertainties in DM distribution are significant, positive detections or strong constraints from more objects are clearly needed in order to determine the nature of this signal. 1 Below we summarize the details of our data analysis and then 1 During our work we became aware that a similar analysis has been carried out by different group for a collection of galaxy clusters. When this paper was in preparation, the arXiv preprint [7] by this group appeared, claiming a detection of a spectral feature at the same energy from a number of clusters.
discuss the results.
Data analysis.
We use the data obtained with the European Photon Imaging Camera (EPIC) of XMM-Newton ("XMM" in what follows), which consists of two MOS [8] and one PN [9] CCD camera. We start with the basic Observation Data Files and reduce them using the procedures emproc and epproc for the MOS and PN cameras (SAS v.13.0.0 [10] ). Raw event lists exhibit significant time variability caused by the soft solar protons [11, 12] . To remove the time-variable component we use the 60 s histogram for the whole camera's energy range and reject the intervals where count rates deviate by more than 1.5σ from the mean value (espfilt procedure from SAS). By this procedure we discard ∼ 40% of total observation time. However, residual soft proton flares can produce weak linelike features in the spectra at positions where the effective area is non-monotonic (see e.g. [13] ). To further filter the data, we apply the procedure described in [14] , based on the comparison of high-energy count rates for "in-FoV" (10-15 arcmin off-center) and out-FoV CCD regions [15] . We selected only observations where the ratio of F in − F out < 1.15. Table III .
The XMM archive contains 35 observations of the center of M31 (offset less than 1.5
′ from (RA,DEC) = (00h42m44.3s +41d16m09s)). Of these observations we have selected 29 where residual contamination of the background flares is low (F in − F out < 1.15). For the PN camera only 8 observations had passed this criterion. We have chosen to keep only the 26 MOS1 observations taken after the CCD6 was damaged [17, 18] . In what follows we work with 26 MOS1 + 29 MOS2 observations combined.
We co-add channel-by-channel all PHA files for all central observations of M31, using the addspec routine from FTOOLS [19] . It also produces ARF-and exposure-weighted response files .rsp -the product of .rmf and .arf files of each observation. Finally, we bin the resulting spectra by 60 eV (4 MOS PI channels). This bin size is a factor ∼ 2 smaller than the spectral resolution of the XMM at these energies, which makes the bins roughly statistically independent.
Background modeling. We model the contribution of the instrumental (particle induced) background by a combination of an unfolded power law (described in xspec11 by powerlaw/b) plus a number of narrow gaussian lines at the positions of instrumental K-α lines (Cr, Mn, K, Fe, Ni, Ca, Cu) and Fe Kβ. The astrophysical component is modeled by a powerlaw and lines around 2.4 keV and 3.0 keV (Ar and S line complexes). We restrict our modeling to the energy interval 2-8 keV, see Fig. 1 .
Result. The resulting spectrum shows a group of positive residuals around 3.5 keV (Fig. 1) . Adding a thin Gaussian line at that energy reduces the total χ 2 by ∼ 13, see Table I (more than 3σ significance for extra 2 degrees of freedom). Examination of MOS1 and MOS2 observations individually shows that the line is present in both cameras with comparable flux.
M31 off-center observations. Next we select off-center observations of M31 that pass the criterion F in − F out < 1.15 and whose centers are located within 23.7
′ − 55.8 ′ from the center of M31 (20 observations for both MOS1 and MOS2). The background was modeled as in the on-center case. None of the cameras have any detectable residual in the energy range 3.53 ± 0.03 keV. The 2σ upper bound on the flux is given in Table I .
Perseus cluster.
If the candidate weak signal is of astrophysical (rather than instrumental) origin, we should be able to detect its redshift. To this end we have chosen the nearby Perseus cluster (Abell 426). At its redshift, z = 0.0179, the line's centroid would be shifted by 63 eV. As the position of the line is determined with about 30 eV precision, one can expect to resolve the line's shift with about 2σ significance.
We have taken 16 observations with the MOS1 and MOS2 cameras of the Perseus cluster (excluding two observations on-center; see Table II ) and processed them in the same way as for M31. The flare removal procedure left 215 ksec of PN camera's exposure, therefore we also used the PN observations for Perseus.
Background modeling. The resulting spectra were then added together and fitted to the combination of vmekal (with free abundances for Fe, Ni, Ar, Ca and S) plus (extragalactic) powerlaw. The unfolded background component powerlaw/b plus the several most prominent instrumental lines were added to the model (similar to the M31 case).
Results. The fit shows significant positive residuals at energies around 3.47 keV (in the detector frame). Adding a zgauss model with the redshift of the cluster improves the fit by ∆χ 2 = 9.1 (for 2 degrees of freedom: position and normalization). The line's position is fully consistent with that of M31 (Table I) . If we fix the position of the line to that of M31 and allow the redshift to vary, z = 0 provides a worse fit by ∆χ 2 = 3.6 and its best-fit value is close to z = 0.0179.
Blank-sky dataset. To further study the origin of the new line we combine XMM-Newton blank-sky observations from [20, 21] with observations of the Lockman Hole. The data were reduced similarly to the other datasets. After filtering of soft proton flares we obtained 382 MOS observations. A dataset with such a large exposure requires special analysis (as described in [16] ). This analysis did not reveal any line-like residuals in the range 3.45−3.58 keV with the 2σ upper bound on the flux being 7 × 10 −7 cts/cm 2 /sec. The closest detected line-like feature (∆χ 2 = 4.5) is at 3.67
+0.10
−0.05 keV, consistent with the instrumental Ca Kα line. Combined fit of M31 + Perseus. Finally, we have performed a simultaneous fit of the on-center M31 and Perseus datasets (MOS), keeping common position of the line (in the restframe) and allowing the line normalizations to be different. The line improves the fit by ∆χ 2 = 25.9 (Table I) , which constitutes a 4.4σ significant detection for 3 d.o.f.
Results and discussion. We identified a spectral feature at E = 3.518 +0.019 −0.022 keV in the combined dataset of M31 and Perseus that has a statistical significance 4.4σ and does not coincide with any known line. Next we compare its properties with the expected behavior of a DM decay line. 3 Previously this line has only been observed in the PN camera [9] .
The observed brightness of a decaying DM line should be proportional to the dark matter column density S DM = ρ DM dℓ -integral along the line of sight of the DM density distribution:
M31 and Perseus brightness profiles.
Using the line flux of the center of M31 and the upper limit from the off-center observations we constrain the spatial profile of the line. The DM distribution in M31 has been extensively studied (see an overview in [13] ). We take NFW profiles for M31 with concentrations c = 11.7 (solid line, [22] ) and c = 19 (dash-dotted line). For each concentration we adjust the normalization so that it passes through first data point (Fig. 2) . The c = 19 profile was chosen to intersect the upper limit, illustrating that the obtained line fluxes of M31 are fully consistent with the density profile of M31 (see e.g. [22, 24, 25] for a c = 19 − 22 model of M31). . An NFW DM distribution is assumed, the scale rs is fixed to its best-fit values from [22] (M31) or [23] (Perseus) and the overall normalization is adjusted to pass through the left-most point.
For the Perseus cluster the observations can be grouped in 3 radial bins by their off-center angle. For each bin we fix the line position to its average value across Perseus (3.47 ± 0.07 keV). The obtained line fluxes together with 1σ errors are shown in Fig. 2 . For comparison, we draw the expected line distribution from dark matter decay using the NFW profile of [23] (best fit value r s = 360 kpc, black solid line; 1σ upper bound r s = 872 kpc, black dashed line). The isothermal β-profile from [26] is shown in magenta. The surface brightness profile follows the expected DM decay line's distribution in Perseus.
Finally, we compare the predictions for the DM lifetime from the two objects. The estimates of the average column density within the central part of M31 give S(r s ) ∼ 200 − 600 M ⊙ /pc 2 [13] . The column density of clusters follows from the c − M relation [27] [28] [29] . Considering the uncertainty on the profile and that our observations of Perseus go beyond r s , the average column density in the region of interest is withinS ∼ 100 − 600 M ⊙ /pc 2 . Therefore the signal from Perseus can be both stronger and weaker than that of M31, by 0.2 − 3.0. This is consistent with the ratio of measured flux from Perseus to M31 0.7 − 2.7.
If DM is made of right-handed (sterile) neutrinos [30] , the lifetime is related to its interaction strength (mixing angle):
Using the data from M31 we obtain the mass m DM = 7.06 ± 0.05 keV and the mixing angle in the range sin 2 (2θ) = (2.2 − 20) × 10 −11 . This value is consistent with previous bounds, Fig. 4 . This means that sterile neutrinos should be produced resonantly [31] [32] [33] , which requires the presence of significant lepton asymmetry in primordial plasma at temperatures few hundreds MeV. This produces restrictions on parameters of The position and flux of the discussed weak line are inevitably subject to systematical uncertainties. There are two weak instrumental lines (K Kα at 3.31 keV and Ca Kα at 3.69 keV), although formally their centroids are separated by more than 4σ. Additionally, the region below 3 keV is difficult to model precisely, especially at large exposures, due to the presence of the absorption edge and galactic emission. However, although the residuals below 3 keV are similar between the M31 dataset ( Fig. 1) and the blank sky dataset (Fig. 3) , the line is not detected in the latter. Although the count rate at these energies is 4 times larger for M31, the exposure for the blank sky is 16 times larger. This disfavors the interpretation of the line as due to a wiggle in the effective area. The properties of this line are consistent (within uncertainties) with the DM interpretation. To reach a conclusion about its nature, one will need to find more objects that give a detection or where non-observation of the line will put tight constraints on its properties. The forthcoming Astro-H mission [34] has sufficient spectral resolution to spectrally resolve the line against other nearby features and to detect the candidate line in the "strong line" regime [35] . TABLE III: Parameters of the XMM-Newton spectra of M31 used in our analysis. The significant difference in FoVs between MOS1 and MOS2 cameras is due to the loss CCD6 in MOS1 camera. Fin-Fout parameter estimating the presence of residual soft protons according to procedure of [14] is also shown. First 29 observations are the dataset M31 ON, the remaining 20 -the dataset M31 OFF.
